Plant isoprenoids are dependent on two independent pathways, the cytosolic mevalonate (MVA) pathway and the plastidic methylerythritol phosphate (MEP) pathway. IspE is one of seven known enzymes in the MEP pathway. Currently, no IspE gene has been identified in rice. In addition, no virescent mutants have been reported to result from a gene mutation affecting the MEP pathway. In this study, we isolated a green-revertible yellow leaf mutant gry340 in rice. The mutant exhibited a reduced level of photosynthetic pigments, and an arrested development of chloroplasts and mitochondria in its yellow leaves. Mapbased cloning revealed a missense mutation in OsIspE (LOC_Os01g58790) in gry340 mutant plants. OsIspE is constitutively expressed in all tissues, and its encoded protein is targeted to the chloroplast. Further, the mutant phenotype of gry340 was rescued by introduction of the wild-type gene. Therefore, we have successfully identified an IspE gene in monocotyledons via map-based cloning, and confirmed that the green-revertible yellow leaf phenotype of gry340 does result from a single nucleotide mutation in the IspE gene. In addition, the ispE ispF double mutant displayed an etiolation lethal phenotype, indicating that the isoprenoid precursors from the cytosol cannot efficiently compensate for the deficiency of the MEP pathway in rice chloroplasts. Furthermore, real-time quantitative reverse transcription-PCR suggested that this functional defect in OsIspE affected the expression of not only other MEP pathway genes but also that of MVA pathway genes, photosynthetic genes and mitochondrial genes.
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The MVA pathway comprises six enzymatic steps catalyzed by acetyl-CoA acetyl-transferase (AACT), 3-hydroxy-3-methylglutary-CoA synthase (HMGS), 3-hydroxy-3-methylglutaryl-CoA reductase (HMGR), mevalonate kinase (MK), phosphomevalonate kinase (PMK) and mevalonate diphosphate decarboxylase (MPDC), which are encoded by nine genes in Arabidopsis (Arabidopsis thaliana). Several Arabidopsis MVA pathway mutants cause male sterility and/or arrested embryo development (Suzuki et al. 2004 , Ohyama et al. 2007 , Ishiguro et al. 2010 , Jin et al. 2012 . In contrast, the MEP pathway comprises seven enzymatic steps catalyzed by 1-deoxy-D-xylulose-5-phosphate synthase (DXS), 1-deoxy-D-xylulose-5-phosphate reductoisomerase (IspC), 2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase (IspD), 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase (IspE), 2-C-methyl-D-erythritol 2, 4-cyclodiphosphate synthase (IspF), 4-hydroxy-3-methylbut-2-enyl-diphosphate synthase (IspG) and 4-hydroxy-3-methylbut-2-enyl diphosphate reductase (IspH), which are encoded by seven genes in Arabidopsis. Null mutants of all Arabidopsis MEP pathway genes display an albino phenotype (Mandel et al. 1996 , Estévez et al. 2000 , Budziszewski et al. 2001 , Gutiérrez-Nava et al. 2004 , Guevara-García et al. 2005 , Hsieh and Goodman 2005 , Hsieh and Goodman 2006 , Hsieh et al. 2008 , Xing et al. 2010 . So far, all genes of both pathways have been identified in the dicotyledonous model plant Arabidopsis (Vranová et al. 2013 ), but only the IspF gene has been cloned from the monocotyledonous model plant rice (Oryza sativa, Huang et al. 2018) .
IspE (CMK) encodes 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase, which is the fourth enzyme in the MEP pathway, and catalyzes the ATP-dependent conversion of 4-diphosphocytidyl-2-C-methyl-D-erythritol (CDP-ME) into 4-diphosphocytidyl-2-C-methyl-D-erythritol 2-phosphate (CDP-MEP) (Rohdich et al. 2000) . In plants, an IspE gene was first isolated from tomato (Solanum lycopersicum) through homology-based cloning (Rohdich et al. 2000) . Subsequently, using the RACE (rapid amplification of cDNA ends) technique, IspE genes were cloned from tobacco (Nicotiana benthamiana) (Ahn and Pai 2008) , Ginkgo biloba (Kim et al. 2008) , Stevia rebaudiana (Kumar et al. 2012) and Picrorhiza kurrooa (Singh et al. 2013 ). In addition, the Arabidopsis IspE gene was identified using a T-DNA insertion mutant (Hsieh et al. 2008) . However, no IspE gene has been isolated in monocotyledonous plants.
Virescent mutants refer to the Chl content being reduced during early growth stages, but can accumulate to almost normal amounts as they mature (Archer and Bonnett 1987) . They generally display a green-revertible albino or yellow leaf phenotype. Up to now, virescent mutants have been described in various plant species, including cotton (Gossypium hirsutum, Benedict and Kohel 1968) , peanut (Arachis hypogaea, Benedict and Ketring 1972) , tobacco (Archer and Bonnett 1987) , maize (Zea may, da Costa e Silva et al. 2004) , rice (Sugimoto et al. 2004) , Arabidopsis (Koussevitzky et al. 2007a ) and cucumber (Cucumis sativus, Miao et al. 2016) . Furthermore, many genes responsible for virescent phenotypes have been cloned, such as ClpR1, ClpR4, DG1, OTP70, SIG6, YS1, AtDPG1 and VIR3 in Arabidopsis (Ishizaki et al. 2005 , Koussevitzky et al. 2007a , Chi et al. 2008 , Zhou et al. 2009 , Chateigner-Boutin et al. 2011 , Wu et al. 2013 , Liu et al. 2016b , Qi et al. 2016 ; V-1 in cucumber (Miao et al. 2016) ; and V1, V2, V3, YGL1, YSA, V14, GRY79, V5A and V5B in rice. Among these genes of rice, V1 encodes NUS1 protein with a bacterial NusB-like RNA-binding domain and is involved in the regulation of chloroplast RNA metabolism (Kusumi et al. 2011) . V2 encodes a guanylate kinase essential for chloroplast differentiation (Sugimoto et al. 2004 (Sugimoto et al. , 2007 . V3 encodes the large subunits of ribonucleotide reductase and is involved in chloroplast biogenesis during early leaf development (Yoo et al. 2009 ). YGL1 encodes Chl synthase participating in Chl biosynthesis (Wu et al. 2007 ). YSA encodes a pentatricopeptide repeat (PPR) protein essential for chloroplast biogenesis in early leaves (Su et al. 2012) . V14 encodes a member of the mitochondrial transcription termination factor (mTERF) family (Zhang et al. 2014 ). GRY79 encodes a putative metallo-b-lactamase-trihelix chimera involved in chloroplast development at the early seedling stage (Wan et al. 2015) . OsV5A and OsV5B encode DUF (domain of unknown function) proteins in the DUF3353 superfamily and regulate the abundance of protochlorophyllide oxidoreductase (Liu et al. 2016a ). Nevertheless, no virescent mutant has been reported to result from a gene mutation in the MEP pathway in higher plants.
In this study, we isolated a green-revertible yellow leaf mutant, gry340, in rice. Map-based cloning and complementation experiments demonstrated that a single nucleotide mutation in the OsIspE gene accounted for the mutant phenotype of gry340. We show that the OsIspE gene is constitutively expressed in all tissues, and that its encoded protein is targeted to the chloroplast. In addition, we constructed the ispE ispF double mutant, which displayed an etiolation lethal phenotype. Beyond this, we investigated transcriptional changes of 30 genes (including MEP and MVA pathway genes, photosynthetic genes and mitochondrial genes) in gry340 and the double mutant by real-time quantitative reverse transcription-PCR (qRT-PCR).
Results

Characterization of the gry340 mutant
The gry340 mutant displayed a yellow leaf phenotype before reaching the three-leaf stage, but gradually turned green with development and recovered normal green color after the nineleaf stage (Fig. 1) . The mutant grew slowly at an early seedling stage, and the time to heading increased by 9 d. At maturity, its plant height, its number of productive panicles per plant, the number of spikelets per panicle and panicle length, as well as the seed-setting rate and 1,000-grain weight were significantly reduced by 10.9, 15.2, 25.1, 7.8, 21 .7 and 7.0%, respectively, when compared with the wild-type controls ( Table 1) .
To quantify the green-revertible yellow leaf phenotype of the gry340 mutant, we measured photosynthetic pigment contents at different stages. At the three-leaf stage, the mutant had significant reductions of Chl a, Chl b, total Chls and Cars by 67.6, 83.3, 71.7 and 52.1%, respectively, relative to the wild type (Fig. 2) . As the plants developed, leaves of gry340 gradually turned green and its photosynthetic pigment contents increased, reaching nearly wild-type levels at the nine-leaf stage (Fig. 2) . These data suggested that the variable leaf color of gry340 did result from changes in the levels of photosynthetic pigments.
To investigate the development of chloroplasts in gry340, we observed the ultrastructure of chloroplasts in leaves using transmission electron microscopy. At the three-leaf stage, wild-type chloroplasts had well-developed thylakoids and grana stacks (Fig. 3A, C) . In contrast, gry340 mutant chloroplasts had no obvious grana stacks, and lacked well-structured thylakoid membranes (Fig. 3B, D) . In addition, we observed some abnormality in the morphology of gry340 mitochondria, such as the appearance of vacuolar structures, compared with those in the wild type (Fig. 3E, F) . At the nine-leaf stage, the gry340 mutant chloroplasts had well-developed grana and thylakoids similar to the wild-type chloroplasts, and its mitochondria also displayed normal morphology ( Supplementary  Fig. S1 ). These results indicated that the development of chloroplasts and mitochondria was somehow compromised at the early seedling stage in the gry340 mutant.
Additionally, to explore whether the phenotype of gry340 was associated with temperature, we treated the mutant and its wild type in the growth chamber using two different temperature conditions (23 and 30 C), respectively. As a result, the gry340 mutant displayed a similar yellow leaf phenotype and significant reduction of pigment contents at the early seedling stage under different temperature conditions ( Supplementary  Fig. S2 ), suggesting that the yellow leaf phenotype of gry340 was independent of temperature conditions.
Map-based cloning of the gry340 mutant gene
For genetic analysis of the mutant phenotype, gry340 was crossed with the wild-type Nipponbare and normal green cultivar Minghui 63 (indica). The F 1 plants from the two crosses all displayed a normal green phenotype. The F 2 populations showed segregation of the normal green leaf phenotype and the yellow leaf phenotype at an early seedling stage, with a ratio of 3:1 ( 2 < 2 0.05 = 3.84, P > 0.05). These data suggested that the yellow leaf mutant phenotype of gry340 is controlled by a single recessive nuclear gene.
Mapping of the gry340 locus was performed by using the F 2 population from the cross between gry340 and Minghui 63. simple sequence repeat (SSR) marker RM212 and the insertion/ deletion (InDel) marker C1 (Fig. 4A) . Subsequently, we developed another five InDel makers for fine mapping ( Table 2) , and analyzed 912 recessive individuals with a yellow leaf phenotype from the F 2 population. Finally, the gry340 locus was narrowed down to an 84 kb region between two InDel makers C4 and C5, at genetic distances of 0.05 and 0.22 cM, respectively (Fig. 4B ).
Within the above 84 kb region, 16 putative genes are annotated by the Rice Genome Annotation Project (http://rice. plantbiology.msu.edu, Fig. 4C ). Previous studies suggested that the encoded products of many leaf color mutant genes were targeted to the chloroplast (Su et al. 2012 , Wan et al. 2015 , Ma et al. 2017 , Huang et al. 2018 ). Thus we analyzed the 16 putative genes with the ChloroP and TargetP software (http://www.cbs.dtu.dk/services/ChloroP/, http:// www.cbs.dtu.dk/services/TargetP/) and found that the encoded proteins of three genes (LOC_Os01g58790, LOC_Os01g58800 and LOC_Os01g58830) contain chloroplast transit peptides. Among them, LOC_Os01g58830 encodes a putative transposon protein. Therefore, we first sequenced LOC_Os01g58790 and LOC_Os01g58800. The results showed that a single nucleotide C to T substitution occurred at position 2,554 in LOC_Os01g58790 (corresponding to position 575 in its cDNA) in the gry340 mutant ( Fig. 4D) , which resulted in an amino acid change from Ala192 to valine in the encoded protein ( Supplementary Fig. S3 ). The LOC_Os01g58790 gene encodes a putative GHMP (galactose kinase/homoserine kinase/ mevalonate kinase/phosphomevalonate kinase) kinase ATPbinding protein. Amino acid sequence search using BLASTP at the National Center for Biotechnology Information (NCBI, https://blast.ncbi.nlm.nih.gov) showed that LOC_Os01g58790 belongs to the IspE superfamily and is predicted as 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase, which is a key enzyme of the MEP pathway for isoprenoid biosynthesis. Therefore, the LOC_Os01g58790 gene was identified as the candidate gene of gry340, and designated tentatively as OsIspE.
OsIspE is a single-copy gene in the rice genome and encodes a 401 amino acid protein with a molecular mass of approximately 43 kDa. The sequencing results showed that total lengths of OsIspE genomic and cDNA sequences are 4,834 and 1,206 bp, respectively, and that this gene consists of 11 exons and 10 introns. Multiple amino acid sequence alignment showed that the OsIspE protein displays a high similarity to its homologs from monocotyledonous plants such as barley (Hordeum vulgare), maize and sorghum (Sorghum bicolor), and dicotyledonous plants such as tomato, Arabidopsis, cucumber and tobacco, with identities of 82.2, 82.1, 82.1, 68.2, 67.6, 67.2 and 66.9%, respectively. A phylogenetic analysis showed that OsIspE is more closely related to IspE proteins of barley, maize and sorghum than to those of other species (Fig. 5) .
Complementation analysis
To confirm that the yellow leaf phenotype of gry340 was caused by mutation of OsIspE gene, we carried out complementation experiments. The pC2300-OsIspE plasmid containing the full-length cDNA sequence of the wild-type OsIspE gene, placed under the control of the actin1 promoter, was introduced into the gry340 mutant by Agrobacterium-mediated transformation, and 33 independent transgenic lines were successfully obtained. These transgenic lines showed normal green leaves indistinguishable from the wild type (Fig. 6A, C) , and their photosynthetic pigment contents were restored to nearly wild-type levels (Fig. 6D) . Genotype PCR examination verified that the wild-type OsIspE gene had been integrated into the rice genome of gry340 in these transgenic lines (Fig. 6B) . These results confirmed further that this single base pair mutation in the OsIspE gene is responsible for the mutant phenotype of gry340.
Subcellular localization of the OsIspE protein
The OsIspE protein was predicted to contain a chloroplast-targeting sequence of 52 amino acid residues at its N-terminus using ChloroP and TargetP analysis (Emanuelsson et al. 2007 ) ( Supplementary Fig. S3 ). To verify this prediction, we constructed the expression vector of the OsIspE-green fluorescent protein (GFP) fusion protein. Subsequently, the resulting pC2300-35S-OsIspE-eGFP vector and the empty eGFP vector (as a negative control) were each transformed into rice protoplasts. Laser scanning confocal microscopy observation showed that fluorescent signals of OsIspE-GFP fusion proteins were clearly co-localized with Chl autofluorescence in the chloroplasts (Fig. 7A) . However, the green fluorescence of GFP could be seen in the whole cell transformed with the empty vector (Fig. 7B) . This result suggested that OsIspE protein is really localized in the chloroplast.
Expression analysis of the OsIspE gene
To analyze the spatiotemporal expression pattern of the OsIspE gene, we examined its transcript levels in different tissues of the wild type at both the seedling stage and booting stage by qRT-PCR. The results showed that OsIspE was constitutively expressed in all tissues, including roots, stems, leaf blades, leaf sheaths and young panicles. However, the expression levels of OsIspE were variable in different tissues. More specifically, leaf blades had the highest expression, followed by leaf sheaths, but stems, young panicles and roots showed remarkably lower expression levels (Fig. 8A) . In addition, we examined the OsIspE expression in leaf blades at different stages (including the three-, six-, nine-leaf stages and booting stage). Expression levels in leaf blades remarkably increased with development, with a peak in the ninth leaf and some decline to about a half in the flag leaf at the booting stage (Fig. 8B) . Subsequently, we further analyzed expression change of OsispE in the gry340 mutant during the process of turning green from yellow. The transcript level of OsispE in the mutant was significantly lower than that of OsIspE in the wild type at the three-leaf stage. Then OsispE expression gradually increased with development, and almost reached the expression level of OsIspE in the wild type at the nine-leaf stage and booting stage (Fig. 8C) . The data showed that the expression level of OsispE was coincident with photosynthetic pigment contents and the green-revertible yellow leaf phenotype of gry340.
Phenotype investigation of the ispE ispF double mutant
In a previous study, we isolated a yellow-green leaf mutant 505ys, in which a single base substitution of the IspF gene resulted in an amino acid change in the encoded protein (Huang et al. 2018) . In the present study, in order to understand further the role of the MEP pathway, we produced an ispE ispF double mutant by crossing gry340 with 505ys plants. The resulting F 1 plants all displayed a normal green phenotype, and the F 2 population showed segregation of four phenotypic classes at the early seedling stage: normal green plants, yellow-green plants like the 505ys mutant, yellow plants like the gry340 mutant and more severely yellow plants. To ensure that the ispE ispF double mutant plants survived in the F 2 population, we removed the normal green plants and the yellow-green plants at the one-leaf stage. The homozygous double mutant plants were identified by PCR and sequencing, using specific primers for the mutation sites of ispE and ispF in gry340 and 505ys mutants (Supplementary Table S1 ). As a result, the ispE ispF double mutant plants displayed a more severe yellow phenotype and grew more slowly than the gry340 mutant, and finally they all died at the three-leaf stage (Fig. 9) . Apparently, the function of the MEP pathway for isoprenoid biosynthesis could be completely abrogated in the double mutant.
Expression analysis of MEP and MVA pathway genes
To investigate the transcriptional change of genes involved in the MEP pathway in the gry340 mutant and the ispE ispF double mutant, we examined the expression levels of all seven genes (DXS, IspC, IspD, IspE, IspF, IspG and IspH) by qRT-PCR at the three-leaf stage. As shown in Fig. 10A , only DXS remained constant and the other six genes were significantly down-regulated in the gry340 mutant, compared with the wild type. In the double mutant, ispE was highly increased, but the other six genes were significantly down-regulated. Moreover, the expression levels of the six genes (especially DXS, IspC and ispG) were remarkably lower in the double mutant than in the gry340 mutant.
At the same time, we examined the transcriptional change of six genes involved in the MVA pathway, namely HMGR1, HMGR2, MK, PMK, MPDC1 and MPDC2. In this pathway, HMGR catalyzes the conversion of 3-hydroxy-3-methylglutaryl-CoA to mevalonic acid (MVA), which has been identified as a rate-limiting enzyme, which in Arabidopis is encoded by two genes HMGR1 and HMGR2. MK and PMK belong to the GHMP kinase superfamily, and catalyze two successive phosphorylation reactions from MVA to MVA 5-diphosphate. MPDC catalyzes the decarboxylation of MVA 5-diphosphate to IPP, i.e. the last step of the MVA pathway, and is encoded by two genes MPDC1 and MPDC2 in Arabidopsis (Buhaescu and Izzedine 2007, Vranová et al. 2013) . qRT-PCR analysis showed that HMGR1, HMGR2 and MPDC1 were dramatically up-regulated in the gry340 mutant compared with the wild type, while the other three genes were unaffected (Fig. 10B) . In the double mutant, HMGR1 and HMGR2 were dramatically up-regulated, but the other four genes were significantly down-regulated (Fig. 10B) .
These results suggested that mutation of OsIspE and/or
OsIspF not only changed the expression of other MEP pathway genes, but also affected the expression of MVA pathway genes in rice.
Expression analysis of photosynthetic genes and mitochondrial genes
Expression levels of genes associated with photosynthesis usually change in MEP pathway mutants (Hsieh et al. 2008 , Simpson et al. 2016 , García-Alcázar et al. 2017 , Huang et al. 2018 . Therefore, we examined transcriptional levels of eight photosynthetic genes in the gry340 mutant and in the ispE ispF double mutant. Among them, five are nuclear encoded genes, i.e. rbcS (Rubisco small subunit, Kyozuka et al. 1993) , psaN (reaction center subunit of PSI, Amunts et al. 2010) , psbP (thylakoid luminal subunit of PSII, Ifuku et al. 2008 ), CAB1R and CAB2R (light-harvesting Chl a/b-binding proteins of PSII, Matsuoka 1990 ). The other three are plastid-encoded RNA polymerase-(PEP) dependent plastid genes, namely rbcL (Rubisco large subunit, Kyozuka et al. 1993) , psaA and psbA (reaction center subunits of PSI and PSII, respectively, Amunts et al. 2010) . As a result, psbP and psaA transcript levels were not affected in the gry340 mutant. A single gene, psbA, was upregulated and the other five genes (rbcS, psaN, CAB1R, CAB2R and rbcL) were significantly down-regulated in the gry340 mutant, compared with the wild type (Fig. 11A) . In the double mutant, psbA levels remained constant, psbP was remarkably up-regulated and the other six genes were significantly down-regulated (Fig. 11A) .
Transmission electron microscopy suggested that the development of mitochondria was arrested in the gry340 mutant (Fig. 3F) . Thus we further examined the expression levels of nine mitochondrial genes, encoding subunits of electron transport complexes in the gry340 mutant and in the ispE ispF double mutant. These mitochondrial genes were as follows (Hsieh et al. 2008) : cob (Cyt b of the Cyt bc 1 complex); cox1, cox2 and cox3 (subuits of Cyt c oxidase); nad2, nad4 and nad5 (subunits of NADH dehydrogenase); and atp6 and atp8 (subunits of ATP synthase). As shown in Fig. 11B, only nad5 was not affected and the other eight genes were remarkably upregulated in the gry340 mutant, compared with the wild type. In the double mutant, cox2 and atp8 were significantly downregulated, but the other seven genes were dramatically upregulated.
These observations suggested that mutation of OsIspE and/ or OsIspF not only affected the expression of photosynthetic genes, but also influenced that of mitochondrial genes in rice.
Discussion
So far, IspE genes have been cloned from many plants using either homology-based cloning, the RACE technique or T-DNA insertion mutant analysis, such as tomato, Arabidopsis and tobacco (Rohdich et al. 2000 , Ahn and Pai 2008 , Hsieh et al. 2008 ). However, no IspE gene has been identified in rice. On the other hand, many genes responsible for a virescent phenotype have (B) Expression levels of OsIspE in leaf blades of the wild type at different developmental stages. (C) Expression differences of OsIspE in leaf blades between the gry340 mutant and its wild type at different developmental stages. The relative mRNA amount of OsIspE was normalized to actin 1, and error bars represent the SDs of three independent experiments. In (B) and (C), 3, 6 and 9 indicate the three-, six-and nine-leaf stages, respectively. In (B), the expression level of OsIspE in the wild type at the three-leaf stage was set to 1.0, and those at other stages were calculated accordingly. In (C), the expression level of OsIspE in the wild type was set to 1.0, and those in gry340 were calculated accordingly. Asterisks indicate statistically significant differences compared with the wild type at P < 0.01. been cloned from various plants, such as V1, V2, V3, YGL1, YSA, V14, GRY79, V5A and V5B in rice (Sugimoto et al. 2004 , Sugimoto et al. 2007 , Wu et al. 2007 , Yoo et al. 2009 , Kusumi et al. 2011 , Su et al. 2012 , Zhang et al. 2014 , Wan et al. 2015 , Liu et al. 2016a ), but no virescent mutant has been reported to result from a gene mutation in the MEP pathway in higher plants. In this study, we isolated a green-revertible yellow leaf mutant gry340 and identified the causal mutation in the OsIspE gene on the long arm of rice chromosome 1. In this mutant, a C to T substitution in the OsIspE gene resulted in an amino acid Fig. 9 Phenotypic comparison of the wild type, the 505ys mutant, the gry340 mutant and the ispE ispF double mutant at the three-leaf stage. The ispE ispF double mutant was generated by crossing gry340 with 505ys plants. In the F 2 population, the normal green plants and the yellow-green plants like 505ys were removed at the one-leaf stage, and the double mutant plants were identified by PCR and sequencing. Red arrows indicate the homozygous double mutant plants identified in the F 2 population. Fig. 11 Expressions analysis of photosynthetic genes (A) and mitochondrial genes (B) in the wild type, the gry340 mutant and the ispE ispF double mutant at the three-leaf stage by qRT-PCR. The expression level of each gene in the wild type was set to 1.0, and those in gry340 and the double mutant were calculated accordingly. Error bars represent the SDs of three independent experiments. Asterisks indicate statistically significant differences compared with the wild type at P < 0.01. Fig. 10 Expressions analysis of MEP (A) and MVA (B) pathway genes in the wild type, the gry340 mutant and the ispE ispF double mutant at the three-leaf stage by qRT-PCR. The expression level of each gene in the wild type was set to 1.0, and those in gry340 and the double mutant were calculated accordingly. Error bars represent the SDs of three independent experiments. Asterisks indicate statistically significant differences compared with the wild type at P < 0.01. change in the encoded protein. Further, the mutant phenotype of gry340 was rescued by complementation with the wild-type gene. Therefore, we have successfully identified an IspE gene in monocotyledonous plants via a map-based cloning approach, and confirmed that the green-revertible yellow leaf phenotype of gry340 resulted from a single nucleotide mutation of the rice IspE gene in the MEP pathway.
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Cross-talk between cytosolic and plastidial pathways of isoprenoid biosynthesis has been studied by various techniques and methods (Bick and Lange 2003 , Laule et al. 2003 , Flügge and Gao 2005 . However, the Arabidopsis IspE T-DNA insertion mutant exhibited an albino lethal phenotype. Its photosynthetic pigments were almost undetectable and the development of thylakoids was completely abolished (Hsieh et al. 2008) . Similarly, Arabidopsis T-DNA insertion mutants of other MEP pathway genes DXS, DXR (IspC), IspD, IspF, IspG and IspH all exhibited an albino lethal phenotype (Mandel et al. 1996 , Estévez et al. 2000 , Budziszewski et al. 2001 , Gutiérrez-Nava et al. 2004 , Guevara-García et al. 2005 , Hsieh and Goodman 2005 , Hsieh and Goodman 2006 , Xing et al. 2010 . In addition, the tobacco IspE VIGS (virus-induced gene silencing) mutant displayed severe leaf yellowing and abnormal leaf morphology, and reduced Chl and Car levels (Ahn and Pai 2008) . This suggested that the influx of isoprenoid precursors from the cytosol to chloroplasts should be very limited in Arabidopsis and tobacco (Ahn and Pai 2008, Hsieh et al. 2008) . In the present study, a single base mutation in the IspE gene caused a green-revertible yellow leaf phenotype in the rice gry340 mutant, whose contents of Chls and Cars were significantly reduced at the early seedling stage, but were restored to the normal level at the later developmental stages. Recently, we also identified a single base mutation in the rice IspF gene, and the resulting mutant (505ys) exhibited a yellow-green leaf phenotype throughout development (Huang et al. 2018) . The mutant phenotypes of gry340 and 505ys were distinct from those of the above mutants of Arabidopsis and tobacco, which raised the question of whether the MVA-derived precursors could compensate for the block in the MEP pathway in rice. Thus, we generated a double mutant of IspE and IspF genes via crossing gry340 with 505ys mutants. As a result, the ispE ispF double mutant displayed an etiolation lethal phenotype (Fig. 9) , which indicated that the isoprenoid precursors from the cytosol cannot efficiently compensate for the deficiency of the MEP pathway in rice chloroplasts, consistent with the above findings in Arabidopsis and tobacco.
Escherichia coli IspE protein contains the characteristic two domains of the GHMP kinase superfamily. The first domain is the cofactor or ATP-binding domain, which comprises residues 1-10, 34-150 and 275-283, and forms a four-stranded b-sheet (b1, b4-b6) on one side with a five-helix bundle (a1-a4, a10) on the other. The second domain is the CDP-ME or substratebinding domain. GHMP kinase superfamily members carry three conserved sequence motifs, which in E. coli IspE occur at Lys11-Tyr15 (I), Pro99-Ser109 (II) and Leu237-Val244 (III). They are positioned beside each other at the domain-domain interface and help to create the active site (Miallau et al. 2003) . In higher plants, the tomato IspE shares only 30% sequence identity with the E. coli IspE, but the recombinant catalytic domain of the tomato IspE protein is shown to have a similar catalytic activity to the E. coli IspE protein, suggesting that the functionality of IspE is conserved in plants and bacteria (Rohdich et al. 2000) . In this study, a single amino acid of IspE changed from Ala192 to valine in the gry340 mutant (corresponding to Ala111 of E. coli IspE in the a2-helix). This amino acid residue was highly conserved, but it was not located in the conserved sequence motifs of the superfamily ( Supplementary  Figs. S3, S4) . The Ala192 to valine mutation of IspE probably remains catalytically active, but at lower efficiency. This is a probable explanation for the fact that the gry340 mutant did not display a lethal phenotype like the Arabidopsis IspE T-DNA insertion null mutant (Hsieh et al. 2008) .
Virescent mutants have been studied in various plant species. Nevertheless, their molecular mechanisms remain elusive. At present, there are two possible explanations for this phenotype: one explanation could be that other related genes may partly compensate for the absence of the mutant gene during later development stages, and another explanation could be that the mutant gene is not required for later developmental stages of chloroplast development (Su et al. 2012 , Liu et al. 2016b . However, OsIspE is a single-copy gene in the rice genome and its encoded product IspE is a key enzyme of the MEP pathway for isoprenoid biosynthesis. In this study, the gry340 mutant exhibited a yellow leaf phenotype before reaching the three-leaf stage, but recovered a normal green color after the nine-leaf stage. Correspondingly, OsIspE expression in the wild-type leaves remarkably increased with plant development, which peaked in the ninth leaf and only declined by about half in the flag leaf at the booting stage (Fig. 8B) . Furthermore, its expression in leaves of the gry340 mutant also significantly increased with plant development compared with that in the wild-type leaves (Fig. 8C) . Therefore, 'the two increases' in expression levels of the IspE gene at the late growth stage could be one of the major reasons why the gry340 mutant recovers normal green color after the nine-leaf stage.
In the Arabidopsis T-DNA insertion mutant cla1 (DXS gene), expression levels of most genes for isoprenoid metabolism were drastically reduced compared with the wild-type levels, and only four genes (including HMGR1 and HMGR2) were elevated (Laule et al. 2003) . In the Arabidopsis IspH mutant clb6-1 resulting from a single base pair insertion causing a frameshift, transcript levels of all genes for the MEP pathway were diminished as compared with the wild type (Guevara-García et al. 2005) . In Arabidopsis T-DNA insertion mutants ispD-1, ispD-2 and ispE-1, expression levels of six photosynthetic genes (rbcS, psaN, psbP, CAB, rbcL and psbA) all decreased significantly. However, six electron transport genes (cob, cox1, cox2, cox3, nad2 and nad5) encoded by the mitochondrial genome were significantly increased, while three genes (nad4, atp6 and atp8) were not affected (Hsieh et al. 2008) . In our present study, the rice ispE ispF double mutant displayed an etiolation lethal phenotype (Fig. 9) , indicating that the function of the MEP pathway could be completely abrogated in the double mutant. To analyze differences in gene expression between the double mutant and its wild-type Nipponbare, we examined expression levels of the 30 genes by qRT-PCR, i.e. seven MEP pathway genes, six MVA pathway genes, eight photosynthetic genes and nine mitochondrial genes. As a result, in the 21 genes for MEP and MVP pathways and photosynthesis, only psbA remained constant; ispE, HMGR1, HMGR2 and psbP were dramatically up-regulated and the other 16 genes were all significantly down-regulated (Figs. 10, 11A) . In contrast, of nine mitochondrial genes, cox2 and atp8 were significantly downregulated and the other seven genes were dramatically up-regulated (Fig. 11B) . As expected, expression levels of most genes examined in the rice ispE ispF double mutant were largely consistent with those in the Arabidopsis null mutants mentioned above (Laule et al. 2003 , Guevara-García et al. 2005 , Hsieh et al. 2008 . Meanwhile, we found that most of the 30 genes in the gry340 mutant had similar expression profiles to those in the ispE ispF double mutant, except ispE, MPDC1, psbP, cox2 and apt8 (Figs. 10, 11) . In summary, these data suggested that a functional defect in an MEP pathway gene not only affects the expression of other MEP pathway genes, but could influence expression of MVA pathway genes, photosynthetic genes and mitochondrial genes ( Supplementary Fig. S5 ). Previous studies showed that chloroplast development status may alter the expression of nuclear genes via retrograde regulation (Nott et al. 2006 , Koussevitzky et al. 2007b ). In addition, chloroplasts and mitochondria are highly interdependent in many biochemical pathways. Thus, it is likely that retrograde signals derived from the impaired mutant chloroplasts and mitochondria may affect the expression of the above-mentioned genes (Guevara-García et al. 2005 , Hsieh et al. 2008 ).
Materials and Methods
Plant materials
The rice green-revertible yellow leaf mutant gry340 was obtained from the japonica cultivar Nipponbare through ethyl methanesulfonate (EMS) mutagenesis. The gry340 mutant was crossed with the normal indica cultivar Minghui 63 to construct the F 2 mapping population. Rice plants were grown in a paddy field under the local growing environment in Wenjiang District (latitude 30  42'N, longitude  103 50'E and altitude 539.3 m), Chengdu, Sichuan, China (Wang et al. 2010) . In addition, the mutant and its wild type were also grown in the growth chamber under 12 h of light (80-100 mmol m -2 s -1
)/12 h of dark at constant 23 C (low temperature) or 30 C (high temperature) (Huang et al. 2018 ).
Marker development
The SSR primers were obtained from the gramene database (http://archive. gramene.org/markers/microsat/) based on the constructed SSR linkage map (McCouch et al. 2002) . For fine mapping, BLAST search was performed by using National Center for Biotechnology Information database (http://www.ncbi. nlm.nih.gov/BLAST/), and InDel markers were designed around sequence divergences between the japonica cultivar Nipponbare and the indica cultivar 9311. All InDel primers were designed using the Primer 5.0 software.
Pigment measurement
Leaf samples were harvested from the gry340 mutant and from wild-type plants at the seedling stage (three-leaf stage, six-leaf stage and nine-leaf stage) and at the booting stage, respectively. Pigments were extracted from 0.2 g of fresh rice leaves with 80% acetone in darkness at 4 C for 48 h. Chl and Car contents were measured with a BIOMATE 3S UV-Visible Spectrophotometer (Thermo Scientific) at 663, 646 and 470 nm, and were calculated using the method described previously (Lichtenthaler and Wellburn 1983) .
Transmission electron microscopy analysis
The fully expand leaves were harvested from the wild-type Nipponbare and the gry340 mutant at the three-and nine-leaf stages, respectively. Leaf sections were first fixed in 3% glutaraldehyde and further fixed in 1% osmium tetroxide. Then the leaf tissues were dehydrated in a graded acetone series and embedded in Epon 812 medium prior to thin sectioning. Finally, the samples were stained with uranyl acetate and Reynolds' lead citrate, and observed under a H-600IV transmission electron microscope (Hitachi).
Complementation of the gry340 mutant
For complementation of the gry340 mutation, the full-length coding region (1,206 bp) of OsIspE (LOC_Os01g58790) was amplified from the wild-type Nipponbare by RT-PCR using the primers 5 0 -GGAGTCGACATGGCTTGCTCC ACCCAC-3 0 and 5 0 -TCCCTGCAGTCAGTCAGAAACTGATGC-3 0 . The primers contained a SalI site and a PstI site in the forward and reverse primers, respectively. The PCR products were inserted into the pMD19-T vector (TAKARA) to produce construct pMD-OsIspE. The pMD-OsIspE plasmid was then treated with enzymes SalI and PstI, and ligated into the binary vector pCAMBIA2300 to produce construct PC2300-OsIspE. The resulting pC2300-OsIspE plasmid, which has the target OsIspE gene driven by the Actin 1 promoter, was transformed into the gry340 mutant by Agrobacterium tumefaciens strain EHA105-mediated transformation. The transgenic plants were tested using the primers 5 0 -CAGTAATGCTGCAACTGC-3 0 and 5 0 -GCGATCATAGGCGTCTCG-3 0 , which were located on the OsIspE gene and the pCAMBIA2300 vector, respectively.
Subcellular localization of the OsIspE protein
The full-length coding sequence of OsIspE was amplified from the wild-type Nipponbare by RT-PCR using the primers 5 0 -GGAGGATCCATGGCTTGCTCCA CCCAC-3 0 and 5 0 -TCCGTCGACCCAGTCAGAAACTGATGC-3 0 . The primers have a BamHI site at the 5 0 end and a SalI site at the 3 0 end of the gene, respectively. The amplified sequence was inserted into the pC2300-35S-eGFP vector to generate construct pC2300-35S-OsIspE-eGFP. Subsequently, the resulting pC2300-35S-OsIspE-eGFP construct and the empty eGFP vector were transformed into the wild-type protoplasts according to protocols described previously (Zhang et al. 2011) . After being incubated overnight in the dark, the transfected protoplast suspension was examined under a laser scanning confocal microscope (Nikon A1).
qRT-PCR analysis
Total rice RNA was extracted with an RNA isolater kit (Vazyme). The first-strand cDNA was reverse transcribed from total RNA (2 mg) using a reverse transcription kit (Vazyme). Expression levels of the OsIspE gene in different tissues at different developmental stages were analyzed by qRT-PCR using gene-specific primers 5 0 -ATGATGATGACTACAAGG-3 0 and 5 0 -TCAGTCAGAAACTGATGC-3 0 . To analyze differences in gene expression between the mutant and the wild type, 30 genes were examined by qRT-PCR, namely seven MEP pathway genes, six MVA pathway genes, eight photosynthetic genes and nine mitochondrial genes. qRT-PCR was carried out in a total volume of 10 ml containing 0.1 mM of each primer and 1Â SYBR green PCR master mix (Vazyme) using the CFX96 real-time PCR system (Bio-Rad). The program used in these qRT-PCR assays was as follows: 95 C for 3 min, then 40 cycles of 95 C for 10 s and 55 C for 30 s. For each sample, qRT-PCR was performed with three technical replicates on each of three biological replicates, and the actin 1 gene was used for normalization as an internal control. All qRT-PCR primers are listed in Supplementary Table S2 .
Accession numbers
Accession numbers of MEP and MVA pathway genes, photosynthetic genes and mitochondrial genes are as follows: (i) MEP pathway genes: DXS (LOC_Os05g33840), IspC (LOC_Os01g01710), IspD (LOC_Os01g66360), IspE (LOC_Os01g58790), IspF (LOC_Os02g45660), IspG (LOC_Os02g39160), IspH (LOC_Os03g52170); (ii) MVA pathway genes: HMGR1 (LOC_Os09g31970), HMGR2 (LOC_Os08g40180), MK (LOC_Os10g18220), PMK (LOC_Os03g48160), MPDC1 (LOC_Os02g01760), MPDC2 (LOC_Os02g01920); (iii) photosynthetic genes: CAB1R (LOC_Os09g17740), CAB2R (LOC_Os01g41710), psaN (LOC_Os12g08770), psbP (LOC_Os01g43070), rbcS (LOC_Os12g17600), psaA (Gene ID: 3131406), psbA (Gene ID: 3131409), rbcL (Gene ID: 3131463); (iv) mitochondrial genes: cox1 (Gene ID: 6450122); cox2 (Gene ID: 6450161); cox3 (Gene ID: 6450138); cob (Gene ID: 6450178), nad2 (Gene ID: 6450140), nad4 (Gene ID: 6450121), nad5 (Gene ID: 6450143), atp6 (Gene ID: 6450195) and atp8 (Gene ID: 6450152).
Supplementary data
Supplementary data are available at PCP online. 
